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Abstract 

Jet fuel - its liquid and vapor- was characttrized as part ofthe National 

Trampomim Safety Board's (NTSB's) investigation into the cause of the TWA Flight 

8oOaccident@cA96MAo7o; thecrashofa747-131,N93119). Forthevapor,headspact 

gas chromatography was used to measure component partial pressures and W vapor 

pressma for ten jet fuel samples (Jet-A) provided by the Atlantic RicMicld Company 

(ARCXI). These characteristics derived from the fuel vapor were also derived from analysis 
,. ' 

of the neat liquid for eight of these fael samples, and the d t s  ofthe two analytical 

approaches were eompared Three dthe fuel samples were taken from fuel used in the 

quarterde tests #42,46, and 51 designed to simulate possible fud tank amditions at the 

time ofthe accident. Seven ofthe ARC0 samples had been reformulated to alter the flash 

point. Two addi t id  samplts (giving a total of twelve) were taken from the center wing 

tank of a 747 aircraft involved in ground tests in Marana, AZ Measurements of all ofthe 

fud vapor samples were made at 40%, SOT, and WC and at vapor volume-*liquid 

vel- (VL) ratios of274 ( d y  empty tank; -3 -3) and 1.2 (llaEmed tank, -4OQ 

MI- - -on ofthe liquid fk l s  was done by simple injections oftbe neat 

liquids onto a t e ~ ~ c - p r o g r a m m d  gas chromatograph. 
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Introdaction 

As part ofthe National Transportation Safety Board's WSB's) investigation into the 

causeofrheTWAHight 8OOaccidcnt@CA96MAO7~ gasbofa747-131,N93119),the 

cham%&ics of jet fuel (Ja-A) - its liquid and vapor - were determined. For the fuel 

vapor,aheadspacegaschromatographic~GC)method,&es~~indetailinearlier 

reports (Woodrow and Sub, 1988 and 1989), was used to determine c a n p e n t  partial 

pressures and total vapor pressnns of a dozen samples of jet fuel (Woodrow and Sdber, 

1997), some of which represented the type of fuel wed in commercial aviation and some of 
which were fud samples re.fmulated to vary the 5a& point. Using this method, it was 

possible to accurately detcrrmne v a p  pressures by modeling &e jet he1 vapor, 

CharactKucd * by a complex mixtun of hydrocarbons, with just a few n-akanc refemce 

standards. This approach (is., modeling the fuel witb a few n-alkane reference stadads) 

wasuscdtod~~eoom~~partialpnsfllresandtotalvaporpressuresofueightofthe 

liquid fuels for cornparison with the vapor results. An impolrzanr goal ofthis study was to 

provide technical information about the Properties of jet fuel and its vapor d e r  oonditions 

that might have existed in the Flight 800 center wing fuel tank at the time ofthe accident 

Specifically. we wanted to addnss the question of fuel flammability under flight mditions 

at 14.oaO feet. It is hoped that this information will contribute to a bettcr understanding of 

the nature ofthe accident and to the fmmulation and design of safer fuels and fuel tanks. 

This nport, nrmmariZing OW 1998 and zoo0 wak, is 811 o ~ t p w t h  of an carli~r n B -  
sponsored study of commercial jet fuel chamcterstics, complctcdin 1997 and cd 

in a repoa snbmitted to the WSB in November oftbat year (Woodrow and Sciber, 1997). 

Procedures 

In September, 1998, the California Institutt of Technology (CalTeCn), Graduate 

Aeronautics Labomtoy, shipped to the Umvrrsity of Nevada (UNR) sevm Iiquid jet fuel 

samples formulated by the Atlantic Richfield Company (ARCO) to have a range o€ flash 

points. In June, 1998, Evergreen Air Center, on behalf of Boting, ship@ two liquid jet 
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fuel samples taken from the center wing tank (CWT) of a 747 aircraft that had been part of 

ground tests in Marana, AZ Finally, three additional liquid jet fuel samples taken from 

quarter-scale tests M2.46, and 51 were shipped to UNR by CaITech personnel. These 

latter samples were taken fromtheAFC0 base jet fuel supply, and they were usedin the 

quarter-scale tests to determine if there were any systematic chauges in the fuel stock over 

the cou~sc ofthe test series. Sample designations and descriptions are summanztd inTable 

1. All samples were stured in a laboratory refrigerator at 1-2%. 

The two gronnd test samples were taken from tests 81 and 83. For test #l, the CWT 
mtained approximately 50 gallons of Jet-A and there was no en-d control 

sys&m (ECS) insulatioa Test #3 was essentially a repeat of test #l, except ohat the CWT 
contained approximately 1800 gallons of Jet-A. During test #l, steel canisters were 

provided by Dcsea Research Institute (DIU) personnel (Dr. John Sagebiel) to sample the 

CWT ullage at 1.2, and 3 hours into the test, and after 3 hoursfor test 83 (Sagebid, 

1998). 

Licgdsmce Iva -mr) method. Into separate chilled 22 mL glass headspace vials (Perkin- 

Elmer, Nonvdk, cr) were placed 0.08 mL and 10 mL of chilled liquid fuel samples. and 

theVidSWereimmeduae ly scaled with Tcflon@-lincd septa in crimped alllminum caps 

These volumes of fuel represented vapor volume4diquid volume (VL) ratios of 274 and 

12, respectively (is., an almost empty fuel tank and an approximately Wdld tauk). 

The sealed samples were placed in an H S 4  autosampler and injector (Fkdk-Elmer). 

where they were themastated at 4’C, SOT, and 60% for at least 30 min. After the 

samples were thermosbted, the HS40 automatically punctwd the septa with a hollow 

sampling needle, the vials were pressurized to about 150 kPa, the equilibrated vapor was 

simpled for 0.01 min, the resulting vapr  aliquot was injected onto a 60 m x 0.32 mm 

(id) DB-1 fused Silica  pen tubdm (FSOT) capillary (J&W Scientific, Fols~m, 

CA), and the chromatogmphed vapor was detected by a flame ionization d e w .  The 

column was held at 1WC for4 min, after which time it was programmed at 2’Emin to 
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Table 1. Liquid jet fuel samples supplied by ARCO, California Institute 0fTaChnology 

(a and Evergreu~ for fuel vaprchactcri7ation. 

#3 Evergreat; ground test #3; 1800 gal fuel in 
m, noECSinsulatim 

a Same as quarter-scale fuel sample #42 

C Ecs =environmental corn1 sy~rem. 
b m=ccntcrwingtank. 
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14O'C, where it was held for 1 min. The column carrier gas (helium) flow rate was about 

3 mUmin, whichmeans that for an injection time of0.01 min, the volume of vapor sample 

injected was about 30 pL 0.d. 3 mUmin x 0.01 min x lo00 pUmL). 

The fuel samples were evaluated nsing a mixed hydrocarbon standard, which consisted 

of an equal volume mix ofthe normal alkanes pentane (e) through dodecaae (Cli) 

(tidecane [C13] at WC). Into separate chilled hcadspace vials were placed 1,0.5,0%, 

and 0.1 pL ofthe mixed standard and the sealed vials were processed in the same way as 

for the fnel samples. These volumes of mixed standard were low awgh to aUow the 

hydrocarbans to completely vaporize, so that eight separate vapor density standard wcs 

(nine at WC) could be gentrated for each volume of mixed standard. Using the gas 

chmmatographic retention times of the hydrocarbon standards, the fuel vapor 

chmmatogcams were divided into eight or nine s u M o n s ,  each of which WBS 

approximately ccntcnd about the ntcntiOn time of a hydrocarbon standard F I ~  1). The 

peakareas in each subsection were summed andtreared asa single peak in the vapor 

density repsion equations to calculate subsection vapr densities, which were used to 

calculate subsection @ prpssures AU ofthe Subsecsion partial pressures wen summed 

to obtain total vapor pressures for the fuel samples. 

Jiauid fuel method . "he goal using this method was tocharactcrize eight samples of 
the liquid ARC0 fucls (Base Jet [ q w t e r d e  test and the seven refom- fuels) 

using the techniques that were applicdto the charactenza * tionofthefeelvapor. Toreacb 

this goal, the liquid composition of each hel was modeled Using sixteen a b n e  redaenct 

standards (CsCm), with the results expressed as mole percmt for each ofthe sixteen 

snbsdons, partial pressure for each wbscction, and the overall vaw pressnre of each 

fuel. 

Each ofthe eight fuel samples was injected as the neat lipid (0.14.2pL) onto a 60 m 

x 0.32 mm (id) DB-1 FSOT capillary column (J&W Scientific) and each h y m  

compoaent was monitored using a flame ionization detector installed in a Ikwlett-Packml 

.. 
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model 5890 Series II gas chmatomh. AU samples were automatidy i n j d  using a 

c o m p m e r ~ e d  cnhanced autoinjector with a nmoliter adapter installed (Agilenr. San 

Fernando, CA). The capillary column was held at 5o'C for four minutes, programmed at a 

rate of 1'Clmin to 250% where it was held for ten minutes. Each run took about 3.6 

hours to complete. Starting with cicosane (Cm), and working down in carbon number, a 

mixed hydnrarbon standard (jmtane through cicosane) was prepared by weighing cach 

component as it WBS added to the mixtme. The mixed standard was chmmatographcd 

under the same conditions used for the Iiquid fuel samples. Based on eldon times fop the 

reference hydrocarbans, each fuel chromatognun was divided into sixteen subsections, 

with cachsubsection center4 approxlmattl ' y on its nspective referena hydrocarbon 

(Figure 2). By injecting different amounts ofthe standard mixtUn. regression equations 

(GC peak area M. mass of hydrocarbon injected) were generated for each fuel subsection. 

From these regression equations, a mass for cach of the sixteen subsections was derived 

osing the summed peak area for cach subsection. Each subsection mass was then divided 

by the molecular weight of the refcreme hydmcarh, giving the number of moles for cach 

subsdon, from which subsection mole fraction was derived. Using Raoult's law, with 

the subsection mole fractions and saturation vapor pressures for the referem 

hydrombom, subsection partial pressures could be dculated at any given tempatwe. 

Results and Discussion 

Headspace (vupor) Method 

Analysis using headspace sampling and gas chromatography (0 mphs 

thermodynamic equilibrium between a 'mdensed phase and its vapor phase in a sealed 

container so that aliquots ofthe vapor can be moved for quantitative GC analysis. Fora 

I i q ~ d  fuel mixtlrre in equilibrium with its vapor in a Maled container, GC response d a 

compwmt in thevapor is pmportional to the vapor density. This means that mtaslrring tht 

GC respanse esscntialIy measures the partial pressure if the instrument calibration factor is 

known. The calibration factor has a specific value for each component in the fuel mixlm 
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-1 

Jet Fuel 

Figure 2. Typical jet-a liquid chromatogram and n-alkane (C5-C20) retention times. 
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and depends on the charactrristics dthe detector nsed However, the complex jet fuel 

miXtnre can be represented by a relatively small nlrmber of n-abne nference standards and 
the Properties ofthe standards can be attributed to the fue1 mixture. La other words, a 

singlePalkane~~ccstandardcanbeusedtorepresentasummatiwofGCrcsponses 

(snbsedian ofthe fue1 GC) for a series of compments in the jet fuel vapor. Each 

mbection n-alkane reference standard is used to generate a standard m e ,  which is a 

correlation of instrument response with vapor mass density (a). Then, the PQltial 
pnssure (P& cOrzeSpOnding toeach Snbsection is obtainedfrom the ideal gas law and the 

molecnlar weight of the n-alkane nference standard for each subsection. That is. 

Pi =(nNk.R.T.1013.232 (1) 

where i = 5,..,12, (nnr)r is the vapor moIar density (mole.&). R is the gas constant 

(O.&32OS LatmpK.mole), T is absdutc tempemture, and 1013232 is a factor to convert 

atmospheres to mbars. Also, (dQ = (glL)l(mw)i, where @L) is the vapor mass density 

obtained from the subsection standard curve and (mw)i is the molecular weight ofthe 

rmbstction reference hydrocarbon. The total vapor pressure (P5-12) for the fuel sample is, 

then, just simply a summation ofthe individual partial pressures: 

h.12 = zh (2) 

No correction for real gas behavior is necessary since component partial pressures remain 

far below the critical pressures. 

An important objective dthis smdy was to use the described vapor method to 

determine component PQltial pressures aud total vapr prcssmes of sampIes of jet fuel 

~tiveofthetypeuffaelusedincommerdalaviaticmandofascricsoffucl sampIes 

whichhadbeenrtformulatedtovarytheflasllpoint. Thedyticalinstrumcnrarion 

sampled the sealed vials using a pnemmbbalanced pressure principle which avoids the 

disadvantages associated with gas syringes, such as chrmge ufpartial prtssnrcs ofthe 

volatiles due to reduced pressure in the gyringe 

operation utilizing the p n e d c - M a n d  pressure principle, the septum of the 

and Vitenberg, 1984a). In a typical 
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thermomted sample was pierced by the hollow sampling needle, the vial was pmmized 

to either equal: or cxcccd the head prasurc of the FSOT column. gas flow to the FSOT 

column was temporarily intemrpted, causing the column head pressure to decrease, and 

Men an aliquot ofthe headspaoe was injected onto the FSm column using the vial pressun 

as the driving force. 

The volnmts d t h e  mixed hydrocarbon standard were low enough to assme complete 

vaporkdon of the cSc13 hydrocarbons under the test conditions. For the higher 

molecular weight hydrocarbns (e.g., dodecane and tridecane), 0.5 gL and less ofthe 

hy~mixwasusedtoassurecompletevaporization. Theresulfingmpordensities 

(&)for the reference hydmarbom were conelated with their gas chromatogiaphic peak 

areas to generate eight individual calibration curves (nine at 60%) that were uscd to 

calcuIate subsection partial prtssure. These eight or nine regression quafions were linear, 

with comlaaion coe&cient (3) values dose to unity. Each subsection summed GC peak 
m(5-13) was treated as an individual compound and was used in the appropriate 

subsection regression equation to calculate a vapor density. As described above, the 

molecular weights ofthe subsection referenct hydrocartrons wen then used to convert the 

mass densities to molar densities for use in the ideal gas equatim (equation 1). 

Results forthe ten ARC0 fuel samples and the two Marana ground test samples are 

Summanzcd . in Appendix A as Tables A 4  through A-12. These tables include subsection 

and total vap01 pressme (mbar), subsection mole percent, and snbsection vapor density 

@3) for the fuel samples at WC,  So%, and 6o'C and for two V L  ratios @.. 274 and 

1.2). Based on the mole percent values, average molecular weights ofthe fuel vapor were 

computed for cach vn ratio at each tempem. 

Figure 3 compares the ARCOfuels taken from the qaarter-scale tests#42,46, and 51 

(designated Base Jet [ARCO]). the fuel used in the ground tests in Marana, AZ (samples PI 

and a), and a sample of fuel obtained locally from the FkmTahce Intcmational Airport 

(Reno - supplied by Exxon). The Reno and ground test fuels had vapor compositions 
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Figure 3. COmpGlrison of relative vapor density (A) and partioll pressure 03) 

for ARCO, ground test, and Reno fuels at 4o’C. (WL = 1.2). 
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with hydrocarh distributions centering approximately about subsection carbon number 9, 

whenas the hydrombon distribution for the ARC0 Base Jet fuel vapor mtered 

approximately &out carbon number 7 (Figure 3A). This relative vapor composition is also 

refleaed in the average molecular weights for the kel vapors - about 121 forthe Reno and 

ground test fuels compared to about 110 for the ARC0 fuel. However, the ARC0 and 

Reno -on) fuels had similar saturation vapor pressnrcs, while the average vapor 

pressure forthe ground tcst fuels was about 15-2046 less, indicating some possible 

weathering d these fuels (F@re 3B). The ARC0 fuel was shipped in a sealed drum 

directly from the formulator via CaITech personme1 and the Reno fuel WBS obtained M y  

from the sump of a refueling 

center wing tank of a Boeing 747 aircraft aftcr heling d e r  the relatively hot conditions of 
but the ground test fuel samples were talcen from the 

latespringinArizona 

As nported d e r  (Woodrow and Seiber, 1997). a decline in relative vapor density 

(mole percent) was substantial for subsection carbon number 5 in ping from an 

approximately half-filled tank (V/L = 1.2) to a nearly empty tank (V/L = n4), whenas for 

higher carbon numbers, changes in relative vapor density were minor. For example, the 

ARC0 sample fmm quartcr-scale test M2 showed a decline in subsection 5 by a factor of 

6-8, whereas subsection carbw number 7, for example, showed a slight decline by a factor 

of 1-12, as illwtratd in figure 4A. A similar behavior was exhibited by the specially 

formulated ARC0 samples, except that in some cases changes in relative vapor density for 

subsection carbon number 5 were even greater (e.g., a fa- of 7-15 for ARC0 sample 90 

wt% Em). This behavior was reflected in the higher average molecular weights for the 
1 

IKRI~IA loading c ~ s t  compared to tht half-filled tank (Tables A-1 th t~@ A-12). 

Howcvcr, a WC increase in fuel tempemme (WC to 60°C) decreased the relative 

vapor density for subsection carbon numbers 5 and 7 by only a factor of about 2 and 1.1. 

respectively, as illustrated in Figure 4B for ARC0 sample #42. The conclusion from all of 
this is that a change in liquid fuel volume by afactor of 125 has a greater &ea on vapor 
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composition than does a u)' change in temperature. 

Table2 s m m a x i m ~ e e a o f t h e  sevenARCofue1 samplesformutattdtovary 

the nasb point, and, in Table 3, these various fuel fiasb points are listed along with &e fuel 

~ p r e s s u r e v s .  t c ~ r e g r e s s i o n e q u a t i o n s f o r b o t h t h e ~ - f i M c d ( - 4 0 0 ~ 3 )  

and nomid loading (-3 Irgim3) cases. With these ngrcssion equations and the fuel flash 

points it is possible to calcnlatc fuel vapor pressure at the flash point ad, ultimately, 

fuellair m s  ratio at the flash point (Shepherd et al., u)oo). 

The flash p&tt samples listed in Table 2 were created by distillation ofthe Base Jet fuel 

usingadi~oncolmnnandproctduresimilartothatdescdbedinASTMD28Sn. F i  
the Base Jet fuel was distilled and the first 25 weight percent ofthis "overhead" (OH) was 

colIected The lowu fiash point (87F) fuel was then created by mixing 91 WE% of the Base 

Jet and 9 wt% ofthe OH The mixture is the fuel designated as 2.5 wt% OH in Tabk 2. 

The highuflarhpointruels were Qeated by distilling the Base Jet fuel and retaining d y  a 

fraction ofthe "bottom" (Btm) ofthe distillation. Thcsc fuels are designated acmrding to 

the fraction ofthe initial fuel wei@ (by percent) that is used to create the fuel sample. A 

d u e  of "x w&% Btm" ia the designation means that the initial (100 - x) wt% that came out 

ofthe distillation proccss was not used. All of this results in one sample of Basc Jet, one 

sample &Base Jet enrichcd witb 9 wt% of light hydrocarbons (2.5 wt% OH), aad six 

samples of concentrated b v y  hydrowhms from the mixhue Base Jet, ranging from the 

lightest in molecular weight (975 wt% Btm) to the heaviest (85 wt% Btm). 
These prepared samplts, with flash points from 87F to 16SF. should be compared to 

the Base Jct sample (quarter-scale tests #42,46. and 51) which represents the M)IIucTciBI 

grade jet fuel, with aflash paint of 114F. The fl& points can be directly related to the 

composition d t h e  fue1 vapor, as illustrakd in Figure 5. In this figure. the two flash point 

extremes (87F and 165F) are compared with the Base Jet fuel. Fuel sample 2.5 wt% OH 

(fiasb whit = 87F) had a hydrombn distribution in the vapor that centered about C7, 

whereas hydrocarban distribution for fuel sample 85 wt% Btm (flash point = 165F) 
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Figure 5. Camparison of vapor composition (A) and saturation vapor 
pressure (€3) for ARC0 hels at 4O'C and V b 1 . 2 .  
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centered about Cii (Egure 5A). In other words, fuels enriched in the heavier, less volatile 

hydmarkms had the higher flash points. Fmtbermore, while sample 85 wt% Bm had 

detectable hydrocarbons for subsection carbon numbers 5 and 8-12, this sample did not 

have any detectable hydrocarbons for subsection carbon numbers 6 and 7, except at W C  

where there was some measurable hydrocarbon for subsection 6. It appeared thaf based 
on the subsection pressme and mde percent profiles (Figure 5). sample 85 wt% Btm 

contained a light hydmarbon spike. 

Table 4 snmmarizes the calcuhtedfueI/airmass mtios and fuel mole fiactioas in air at 

sea level and at 14,000ftetforthe nominal fd hading (v/L=n& -3 kg/m3) atrK)'c. 

So%, and WC. We used the vapor presswe, molecular weight, and mass density data for 

the fuel samples (Tables A-2, A4,  A-6, A-8, A-10, and A-12) to makt these calculations. 

Inspection ofthe data indicates that, cornpared with a lower flammabilivlimit of about 

0.038 fueVair mass ratio or 0.009 mole fraction (Shepherd et al., 2ooo). all ofthe 

unweathered commercial grade fuels (#42, M, 851, #l, #3) either equaled or exceeded 

these values at W C  and were weN within the flammability range at 50% for the 14,000 

foot altitude. However, the flash point ARCO fuel sample 2.5 wt4b OH cxctcded the limit 

at sea kvel and 4o'C, whereas the other samples in this group consistently exceeded the 

l i d  only at W C  for l4,oaO fcet, with the exceptions of sample 90 wt% Btm, which was 

about cqual to the limit, and samples 875 wt% Btm and 85 wt% Btm, which were less 

thanthelimit 

Liquid Fuel Method 

As discussed under Procedares, the ARC0 liquid fuel chromatow were divided 

into sixteen subsections, each of which was represented by a normal alkane reference 

( F % p  2). Howeva, for direct comparison with the headspace vapor characterization 

results, much of the liquid characterization resutts discussed below npnsent rmbsections 

C5€12 (plus C13 at 6O'C) only. Appendix B (Tables B-1 through B-7) is a summary of 
ARCO fuel vapor data derived fkom the liquid results for subsections C5C12 (plus c13 at 



18 
Table 4. FueVair mass ratios and fuel mole fractions for the flash point ARC0 jet fuel 
samples, quarter-scale test samples, and ground test samples at nominal loading. 

.. 

a Atmospheric mass density (dry air) 1127.4 ghr13 .40 '~  1092.4 g h 3 ,  WC; 1059.6 

Mass mios at 14 kfr were detemrined by dividing rhe &os at sea level by the factor 
0.578. 
C Quartcr-sdettsts. 

Groundtests(Mama,AZ). 
e Airmolardensity: 39.1 moles/m3.40'C; 37.9 moles/m3,5Q'C; 36-7 m o l ~ m ~ , 6 0 ' C  
Molar densities were determined from the avcrage molecular weight of air (-28.84 g/mole) 
and the mass densities of air at the various tempcram. 

Fuel mole fractioos at 14 Ht wen determined by dividing the fractions at sea level by the 
factor 0.578. 

p3,wc. 
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WC). Tables B-1 through B d  include subsbction and total v a p  pressun (mbar), 

su~~moltpaccnr,andsu~ectionvapordensity(ghn3)forW vaporat40%,WC, 

and 60% and for two V/L ratios O.C., 274 p kg/m3] and 1 2  [400 kglm3n. Bascd on the 

calculatedmoIepercentvalues,averagemdecularwughtsofthefrPelvaporwmoomputad 

for each V/L ratio at cach tcmperatnre. The data in these tables can be compared m y  

with the headspace data in Appendin A (Tables A-1 through Ad). Table B-7 

ammarim the calculated fadair mass ratios and fie4 mole fractions in air at sea level and 

at 14,000 feet for rsle nominal fnel loading (VL = 274; -3 wm3)  at 4O.C. 50T, and 

60%. This table can be compared directly with Table 4. 

W4llea tank 1400 kelm3NL = l.2Q. Figurc2showsatypicalchromatogramfora 

lipid fuel (Base Jct [ q w - s d e  test #46)), along with a chromatogmm ofthe mixcd 

hydmarbon standard. The approximately evenly spaced prominent peaks in the liquid fuel 

represad the normaI alkanes. whost retention times matched those for the reference 

hydrocarbons. The sixteen regression quatiom - Cwnlations of mass of hydroarbon 

injected with inspmme nt response (e.&, peak ana) - were linear, with contlation 

coeffickut (r2> values near mi@. As was done in the headspace vapor method, each 

subsbction summed GC peak area (5-20) in thc liquid method was treated as an individual 

compound and was used in the appro- subsection reference standard regression 

quation to calculate subsection mass (mi). Each mass was then divided by the molecular 

weight of the reference hydrocabon ([mwg), giving the number of moles (q) from which 

~ ~ b s c c t i ~ n  mole fraction was derived. That is, 

q/[mw]j = ni (3) 
where i = 5,...,20. Then, subsection mole fraction wl) was given by 

Xi = niEns-20 (4) 

Table 5 lists the s&ection mole percent values (Xi*lOO) for each ofthe eight fuels. These 

liquid mole percent values am be used to calculate fuel vapor pressure at any given 

temperature. For example, Table 6 lists the total Mlpor pressurts dculatcd fop each fuel at 
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Table 6. Calculated total vapor pressure and average molecular weight for liquid ARO 
fuel samples. 

a For subsections C5C12 only. 
Base Jet and 2.5 wt% OH: CsC12 dy. Remaining samples CsC13. 

f 
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W C ,  SO'C, and WC, dong with estimated average molecular weights for the liquids. To 

obtain the data in Table 6, the saturation vapor pressures for each subsection nfcrcnce 

hydrocarh at each temperatme was calculated using the Harlacher equation (Reid et al.. 

1977), which is valid up to the critical conditions and takes the following form: 

~m ~,'=~+csnp-c-~m~+m=iW (3 
where p1' Q = S,...,ZO) is the vapor pressure (torr) and T is the absolute tenpatme. The 

terms A. B, C, and D were takenfrom Appendix A in Wid etal. (1977). calculation was 

done by a rapid iteration method using equation solving software. The torr uuits were 

converted to mbar by the conversion factor 1.3332 (Le., mbar = tofi.13332). Each 

snbsection partial pressure (e, i = 5,...,20) was then obtained from the product ofthe 

subsection saturation pressure m') and subsection liquid mole fraction (xi = mole%/lOo) 

using h o d r s  law: 

&=R.xi.p,' (6) 
For these calculations, it was assumed that the activity coefficient (fi)  for each component 

was unity. Subsection mole fraction (Xi) and reference hydrocarbon molecular weight 

([mwli) were used to calculate average liquid molecular weight ([rnwls.20): 

[mwls-zo = Z ( xi.[mli) 0 
By using the liquid subsection partial prcssuns (e), derived from the subsection mole 

fractions as discussed above, the vapor composition above each liquid fuel was estimated at 

4o'C. SOT, and 60.C. This was done by using a rcananged form ofthe ideal gas law 

equatia 

(nNk = P,/(R.T.1013.232) (8) 

where (nN)i is subsection mdar density in the vapor (moIcslL), R is the gas constant 

(O.OS2.05 L-&dK.mole), T is absolnte temperature, and 1013.232 CollYQts from mbar to 

atmqheres. This subsection molar density WBS thcn used to calculate totaJ vapor mass 

density (Wh-20): 

W~S-ZO = ZWIi (9) 
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f 

where 

Wli = (flMmwIi (10) 

And, average molecular weight ofthe total vapor ([mwv3s.zo) was also caIcdat& 

[mwvk-zo = ZYi*[mwli (1 1) 

and 

yi = (flkt%m5-20 (12) 

where Yi is the subsection mole fraction m the vapor. 

TaMe7summariztstheresuItsforvapmdensity (glm3)andaveragevapormdecnIar 

weight, and these results are compared with the results derived direcdy fiom the 

characterization ofthe fuel vapor for subsections C5C12 (plus c13 at WC) only. For the 

a v q e  vapor molecular weighs the two sets of results compared within 0.1-3% (avc: 

1.2%). 0.42% (ave: 1.3%). and 1-2% (ave: 1.7%) at W C ,  50.C. and 60'C. 

respectivty. The vapor density d t s  compared within 3-29% (ave: 18%). 418% (ave: 

11%). and 1.5-14% (ave: 6%) at the same respective temperatures. Table 8 l i i  

regressions of vapor pnssure vs tempemme derived from liquid characterization. These 

equations should be compared to the regressions in Table 3 for the haIf-filled tank (400 

kglm3). Using the rtgnssions in Tables 3 and 8, vapor pressures w m  calculated at the 

flash pints ofthe ARC0 fuels. Rcsnlts are shown in the last two columns of Table 8 

"HSGC, derived from the regressions in Table 3, and nLiquid-GC", derived from the 

regressions in Table 8. overall, the two sets of data cmqmed nasonably wcll. The 
average difference. was 4.8% (range: 1.1-16%), with a median difference of2.8%. The 

flash point vapor pressure datain Table 8 can be taken one step further to give the fuel/& 

mass ratios (FAR@ at the flash points. Table 9 summarizes the results for the ARC0 foels, 

showing that the FARs for hcadspacc and liquid characterizations compared well. The 

average difference was 5.0% (rangc @16%), with a median difference. of 3.0%. The 

greatestdiffercncts were for the two txtremes - 25 wt% OH (10%) and 85 wt% Btm 

(16%). These differences were due primarily to limits in the headspace vapor method's 
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4 
2 
I 
1 

97.5 wt9b 127.5 124.6 50.7 49.5 
9 5 M  138.0 135.6 35.7 34.2 

925Wt46 143.3 141.4 27.8 263 
mWt% 1445 141.8 27.7 24.2 
875 Wt96 150.7 148.4 21.2 19.0 
swt% 153.2 151.8 16.8 16.4 
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Table 9. FkeVair mass ratios (FARs) for the ARC0 fuels at their flash points. 

a Derived from liquid charactuization 

c Liquid= Quarter-scale test W, HSGC: Averaged data for fuel samples from 
quarter-scale tests #42,46, and 51 (hbles A-1 through Ab). 

b D e l i v d f m m % q m r ~  * 'on. 
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ability to acclrrattly model the most volatile fuel at W C  and the least volatile fuel at 4O.C 

(see the following discussion). 

Table 10 compares the total fuel vaporpnsfllrcs, along with percent dif€erence (%A). 

duived from vapor and liquid charclcterizations. For the 25 wt96 OH fuel, the somewhat 

lower vaporderived value at 60% was probably due to some flame deteaar saturation by 

this rather volatile fuel. Otherwise. the two data stts compared reasonably well o v d .  

Therewasatrendto~greaterdisFcrencesbetwecnthevaporprcssunsat40'C,withtbe 

vapord&ved values being greater. The information in Table 11 mggests, at the least, a 

partial explanation as to why this was the case. Liquid mole M o n s  for subsections C5- 

C12 are listed for the fuels Base Jet (quarter-scale test#%) and 85 wt% Btm, as examples. 

The data under "Liquid GC" were taken from the liquid cbaractcnzatl ' 'onwork,whilethe 

data under "HSGC" were calculated from vapor characte&ation data (it., dividing the 

vapor partial pressure by the SiMnaton pressure). For both fuels, the mole fraction sum 

for the "KSGC" data approached that for the "Liquid GC" data only when the temperature 

for the former fuel was increased This is believed to be a collsequcnce of rbe way the 

headspace instrument responds to higher molecular weight (lower volatility) reference 

standards below, but ncar, their satmation vapor densities. 

In the ideal situation, as the amouut of hydrocarbon is increased in the vapor, 

mtrument nsponsc will i n a w e  antil vapor saturation is reached, where the slope ofthe 

instrument response will rmdergo a sharp change leading to a plateau (area enclosed in the 

drcle in Figure 6). At this point, increasing the amount of hydrombon in the c l a d  

amtainerwillwtafktinstnmrm tresponsc. InpracticewiththeHS-GCinsmune nt, 

however, the beadspace response seems to fcdlow a m e  when the hydrocarbon vapor 

concentration approaches d o n .  This phenomenon is shown in the right-hand @on 

of Figm 6, along with several lines tangent to this curye at differtat points. These lines 

represent regression lines for a hydrombon standard near the hydmmbon's vapor 

situation. For example, as the temperature of dodemne standard is lowered from 60% to 
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Table 11. Example comparisons of liquid fuel mole fractions derived from vapor and 
liquid characterization. 

, 
'Liquid GC 
4 5  x 104 

2 3  x 10-2 
3.9 x 10-2 

6.6 x 10-2 
0.1146 
0.1768 
0.1842 
0.6070 

2.9 x 10-3 

Base Jet (quarter-scah test #4Q: 
Liquid Fuel Mole Fraction 

I 

4O'C 50-c 60% 
8.3 x le 7.2 x lo' 6.8 x lo' 

1.8 x lV2 1.8 x 10-2 1.7 x 10.2 
4.6 x 10-2 4.7 x 10-2 4.3 x 10-2 

8.7 x 10-2 8.5 x 10-2 7.6 x 10-2 

0.1539 0.1476 0.1307 
0.2363 0.23 19 0.1925 
0.2517 0.1874 0.1741 
0.7959 0.7198 0.6362 

2.2 x 10-3 2.2 x 10-3 2 2  x 10-3 

Subsection 

10 
11 
12 

Mole Frac. Sum 

85 wt% Btm: 
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vapor saturation 

increasing vapor 
ooncenteation 

b 
Hydrocabon Amount in Vi 

Figure 6. Instrument response vs. hydrocatbon vapor density. 
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N'C, the slope of the d o d m e  regression line can decrease by 3540% as the line movts 

along the m e  toward saturation. Responses for standard reference hydrombom Cg, 

Clcr, and 9 1  will also be affected in this way by temperature change, with the effect less 

pronounced at the lower carbon number. The o v d  result is that, as sample tempmmm 

is lowered, higher carbon number subsections (Le., Cio-Cli) are biased toward higher 

mole fraction values. 

A possible way to address this problem would be to use the pentane standard 

regression equation for &section Cs for all of the vapor subsections. assuming that the 

individual components in the higher carbon number subsections arc well below their 

safuration vapor densities. An important justificatiw for nsing the pentane regression 

equation is that equal masses of two different n-alkanes will give q l l i v a l ~  responses with 

die flame ionization daactor (responds to moles of carbw); so, the pentane standard can 

be substituted for the standards hexanedodecane. Also, compared to dodecane, dopes for 

the pentane standard regressions at 4o'C and 6o'C compare within 34% (compare with 

3 5 4 %  for dodecane). The results from applying this approach to the Base Jet fuel vapor 

(quarter-scale W )  are shown in Table 12, where the liquid fuel mole fractions derived 

fromthtC5regressiontquation(again,bydividingthtvaporpartialpnssurcby~ 

saturation pressure) are compared to those taken from Table 11. As can be seen, applying 

the C5 regression equation to the vapor subsections QC12 gave more. consistent summed 

liquidmole fractionsand d t e d  in fuel vaporpressures that compared -with the 

vapor pnssures from thc liquid fml chaderm tion (see Table 10). 

Nominal Ioa&np (3 kdm3 lVlL = 27Q . Using the data from the liqmd 

chamcterization, the molar oonccntmtion in the tiquid (Le., mol&) was calculated for cach 

subsection carbon number, This was Simply done by dividing the subsection mass by the 

reference hydmcwbon molecular weight (equation 3), and then dividing the result by the 

total volume of sample injected into the analytical instnunent As described carlicr, the 

subsection partial pressmes were calculated using each subsection liquid mole fixtion 
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(Table 5) and W o n  vapor pressure, calculated using the Harlacher q&on (equation 

5). These partial pressmes were then convtrttd to their opuivalent vapor concenhratons 

(mol&) using the ideal gas law equation (equation 8). 

The resulting liquid and Mpor Concentration data were used in the fallowing 

expression: 

CG = CLm + m-1) (13) 

where CG is the concentration in the vapor (mol&), CL is the initial ‘oninthe 

liquid (mol&). K is the hydrombon liquid-vapor distribution caefiicient, and V L  is the 

vapor volume-to-liquid volume ratio that would occur in the headspace vial. This 

expression is known as the ”headspace equation” (Ioffe and Vitenberg. 1984b) and it 

shows that the vapor u m c c ~ m  (CG) of a hydrocarbon component in the haaspice vial 

depends not ody on K, but also on VfL. For a given K, %will dcgcase ( i . i . )  as V L  
is increasad (deneascd). With CG, CL and V L  (= 1.2 [400 kgh3]>, it is then possible to 

solve for K for each subsaction carbon number 

K = CL -1% V U Y G  (14) 

The choice of value for V L  may be somewhat arbifmy, but the value of 1.2 was selected, 

sincc this was the ratio nscd in the hcadspactmethod to determine vapor pressuresforthe 

W-filled tank. Given C; K, and V L  (= 274). Qj was then calculated for cach 

hydrocarbonwbsectimlmdernomina!loading: 

C!G (noun load) = CL/& + 274) (15) 

Table 13 annpres d &e., headspace) vapor pnssuns for the ARC0 fuels at 

VL = 274 (-3 -3) with d d a t e d  pressutes derived using the metbod just d e s a i i  

The two sets of data compare reasonably well. The average diEerencc was 6.4% (range: 

05-15%), with a median difference of 6.2%. Table 14 is a compilation of subsection 

distribution coefficients for the ARC0 fueis. Since the distribution &dent 6) is 
proportional to C&, the higher the value for K, the rnore the distribution favors the 

mdemed, liquid phase. Finally, Table 15 lists regressions of vapor pnssme vs. 
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a For samples 975 Wt46-85 wt%, listed vapor pnssuns are for subsections QC13.  
b Measured using HSGC method at V/L = 274 (0.B mL fuel in 22 mL vial). 
C CalcuIatcd using the headspace quation (see text for explanation): 

co=~d(K*[v~l)  
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te- for nomid loading (3 kgh3)  using thc data in Table 13 ("Calculated"). 

Regressions from Table 3 are included for comparison (1)HSGC"). 

Summary 

1. For the ARC0 fuels reformulated far flash pint, there was an inverse relationship 

between vapor pressure and flash point temptwe 0.e.. the fuel with the highest vapr 

pressun had the low& flash point). 

2 Thecommercial gtadeARcoandReno(Exxon)fuelshaddifferentformulations- 

component distribution favored the lighter hydmarkms in the ARCXI fuel - but bDth fuels 

bad essentially the same satmation vapor pressures (within 1-7%) at the test temperatures. 

3. The two fuels used in the Marana, AZ, ground tests (A, 173) were similar to the 

Reno fuel in formulation, but had about a 15-2091, lower vapor pressure, which might have 

been due to some weathering of the fuel in the warm ( N C )  center wing tank of a 747 

aircmfL 

4. Vapor densities for all ofthe unurncrcial grade jet fuels (quarter-scale test samples 

#42,46,51, and Marana, AZ, ground test samples R1 and 3) either equaled or exceeded 

the lower flammability limit (fuel/& mass ratio = 0.038) for nominal fuel loading (VL  = 

274 1-3 -31) at W C  and 14,000 foot altitude. 

5. All but two ofthe re€mulatcd flash pOintARC0 fuels equaled or exceeded the 

lowe?- ' 'ty litoit a! 60% for 14,000 feet. The exceptions - foels 875 wt% Btm 

and 85 wt46 Bm - w m l e s ~  than the limit at60'C. F d  975 wt% Btmuccedcd the limit 

at WC, and fuel 2.5 wt9i OH exceeded the limit at sea level and WC. 

6. Overall, li@d Charactgization resulls fOr the haK-Nlcd tank that W C~C 

'on essentially equivalent to the results from vapor characterization. But, liquid chwmzab  . 
be~representcdtheconaibuticmtofuelvaporcompositionfromthehighermolecular 

weight components. This led to the modifcation to the vapor method involving the use of 

the Cs reference standard regression for all ofthe vapor subsections (Le., C5413). For 
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. example, for the Base let fuel (qmter-scale test 4%). use of the 

only led to fuel vapor pressuns of7.92,12.4, and 19.1 mbar at 4WC. SOT, and WC, 

respectively. These d t s  compared well with the values derived from liquid 

charamriZation of 791.12.6, and 19.4 mbar at the same respective temperatmes (see 

Tables 10 and 12). 

reference standard 

7. F~nlhermore,liquidcharactcnvl ' tion also gave results for the nominal loading 

sita&on that campared well wit31 the resultsfrom vapor - 'on. 

8. Using the techniques described in this report, it is possible to chictemx ' (model) a 

complex hyQocarbon mixture under any specified set of conditions. For example, using 

Raoults law, the liquid c Imctenm . 'on resdts can be used to c a I c u k  fuel vapor pressure 

at any given temperature. if the saturation vapor pressures for the reference hydrocahns at 

thosetemperaturtsareknown. 
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Appendix A 

Headspace GC resnlts for the A R a  fnd samples and 

the Marana, AZ, ground test fuel samples 
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Appendix B 

Vapor data c a I M  from the liquid GCresnlts forthe ARCDfacl samples 
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Table B-7. Fuellair mass ratios and fuel mole fractions at nominal loading (VL = 274 (-3 
kg/m3D derived from the liquid c b x & m t ~  . 'on uftht eight ARC0 jet !kl samples. 

c quartar-scaletcstR46. 
d Air mdar density: 39.1 mdeslm3,40%; 37.9 molcs/m3.50'C; 36.7 mlh3.60'C 
Molar densities were determined from the average molecular weight of air (-28.84 &mole) 
and the mass densities of air at the various ttmperatures. 
e Fuel mole fractions at 14 kft were detcrrmned * 

factor 0578. 
by dividing the fractions at sealevcl by& 


